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We present a search for anomalous production of the signature `+γ+b-quark+6ET produced in
pp̄ collisions at

√
s = 1.96 TeV using 1.9 fb−1 of data taken with the CDF detector in Run II at the

Tevatron. In addition to this signature-based search, we present a search for top pair production
with an additional radiated photon, tt̄ + γ. We find 28 `γ 6ETb events versus an expectation of
27.9+3.6

−3.5 events. Additionally requiring the events to contain at least 3 jets and to have a total
transverse energy of 200 GeV, we observe 16 tt̄γ candidate events versus an expectation from non-
top standard model [1] (SM) sources of 6.7+2.3

−2.1 Assuming the difference between the observed number
and the predicted non-top SM total is due to top production, we measure the tt̄γ cross-section to
be 0.15 ± 0.08 pb.

PACS numbers: 13.85.Rm, 12.60.Jv, 13.85.Qk, 14.80.Ly

The unknown nature of possible new phenomena in
the energy range accessible at the Tevatron is the moti-
vation for a “signature-based” search strategy that does
not focus on a single model or class of models of new
physics, but presents a wide net for new phenomena [2–
4]. Here we report the results of a search for anoma-
lous production of `γ 6ETb events using 1850 pb−1 of in-
tegrated luminosity from p̄p collisions at

√
s = 1.96 TeV

collected using the CDF II detector [5]. The events for
the searches include production of two gauge bosons, W
and γ, and two third-generation quarks, top and bot-
tom. This search is an extension of a previous search in
the lepton+photon+X signature, described in detail in
Ref. [6].

A search for the production of top pairs with an
additional photon, tt̄γ, is a natural extension of this
signature-based search, in that tt̄γ is characterized by
the signature of a high-PT lepton, photon, b-tagged jet,
and 6ET. When one in addition requires large HT and 3-
or-more jets radiative top-pair events dominate the SM
predictions.

The CDF II detector is a cylindrically-symmetric spec-
trometer designed to study p̄p collisions at the Fermilab
Tevatron. The detector has already been described in
detail in the literature [5]. Here we briefly describe the
detector subsystems relevant for the analysis.

Tracking systems are used to measure the momenta of
charged particles and to trigger on and identify leptons
with large transverse momentum [7]. A multi-layer sys-
tem of silicon strip detectors [8], which identifies tracks
in both the r-φ and r-z views [9], and the central outer
tracker (COT) [10] are contained in a superconducting
solenoid that generates a magnetic field of 1.4 T. The
COT is a 3.1 m long open-cell drift chamber that makes
up to 96 measurements along the track of each charged
particle in the region |η| < 1. Sense wires are arranged
in 8 alternating axial and ±2◦ stereo superlayers with
12 wires each. For high momentum tracks, the COT PT

resolution is σPT
/P2

T ' 0.0017 GeV −1.

Segmented calorimeters with towers arranged in a pro-

jective geometry, each tower consisting of an electromag-
netic and a hadronic compartment [11, 12], cover the
central region, |η| < 1 (CEM/CHA), and the ‘end plug’
region, 1 < |η| < 3.6 (PEM/PHA). In both the central
and end plug regions, systems with finer spatial resolu-
tion are used to make profile measurements of electro-
magnetic showers at shower maximum [5] for electron
identification (the CES and PES systems, respectively).
Electrons are reconstructed in the CEM with an ET

resolution of σ(ET)/ET ' 13.5%/
√

ET/GeV ⊕ 2% [11]
and in the PEM with an ET resolution of σ(ET)/ET '
16.0%/

√

ET/GeV ⊕ 1% [13]. Jets are identified using
a cone in η − φ space of radius 0.4 as a group of elec-
tromagnetic and hadronic calorimeter towers; the jet en-
ergy resolution is approximately σ ' 0.1 × ET(GeV ) +
1.0 GeV [14].

Muons are identified using the central CMU, CMP, and
CMX [15–17] muon systems, which cover the kinematic
region |η| < 1. The CMU uses four layers of planar drift
chambers to detect muons with PT > 1.4 GeV in the
central region of |η| < 0.6. The CMP consists of an addi-
tional four layers of planar drift chambers located behind
0.6 m of steel outside the magnetic return yoke, and de-
tects muons with PT > 2.0 GeV . The CMX detects
muons in the region 0.6 < |η| < 1.0 with four to eight
layers of drift chambers, depending on the polar angle.

The beam luminosity is measured using two sets of gas
Cherenkov counters, located in the region 3.7 < |η| <
4.7. The total uncertainty on the luminosity is estimated
to be 5.9%, where 4.4% comes from the acceptance and
operation of the luminosity monitor and 4.0% from the
calculation of the inelastic p̄p cross-section [18].

A 3-level trigger [5] system selects events with a high
transverse momentum (PT) [7] electron or muon in the
central region, |η| <∼ 1.0. The trigger system selects elec-
tron candidates from clusters of energy in the central
electromagnetic calorimeter. Electrons are distinguished
from photons by requiring a COT track pointing at the
cluster. The muon trigger requires a COT track that
extrapolates to a track segment (“stub”) in the muon
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chambers.
Inclusive `γ events are selected by requiring a central

γ candidate with Eγ
T > 10 GeV and a central e or µ

with E`
T > 20 GeV originating less than 60 cm along

the beam-line from the detector center and passing the
“tight” selection criteria listed below.

The identification of leptons and photons is essentially
the same as in the Run II `γ + X search [6].

A muon candidate passing the “tight” cuts must have:
a) a well-measured track in the COT; b) energy de-
posited in the calorimeter consistent with expectations;
c) a muon “stub” in both the CMU and CMP, or in the
CMX, consistent with the extrapolated COT track; and
d) COT timing consistent with a track from a pp̄ colli-
sion. An electron candidate passing the “tight” selection
must have: a) a high-quality track with PT > 0.5 ET,
unless ET > 100 GeV , in which case the PT threshold
is set to 20 GeV ; b) a good transverse shower profile
that matches the extrapolated track position; c) a lateral
sharing of energy in the two calorimeter towers contain-
ing the electron shower consistent with that expected;
and d) minimal leakage into the hadron calorimeter [19].

Photon candidates are required to have no track with
PT > 1 GeV , and at most one track with PT < 1 GeV ,
pointing at the calorimeter cluster; good profiles in both
transverse dimensions at shower maximum; and minimal
leakage into the hadron calorimeter [19].

To reduce background from photons or leptons from
the decays of hadrons produced in jets, both the photon
and the lepton in each event are required to be “isolated”.
The ET deposited in the calorimeter towers in a cone in
η − ϕ space [9] of radius R = 0.4 around the photon or
lepton position is summed, and the ET due to the photon
or lepton is subtracted. The remaining ET is required to
be less than 2.0 GeV +0.02×(ET−20 GeV ) for a photon,
or less than 10% of the ET for electrons or PT for muons.
In addition, for photons the sum of the PT of all tracks
in the cone must be less than 2.0 GeV + 0.005× ET.

Missing transverse energy 6ET is calculated from the
calorimeter tower energies in the region |η| < 3.6. Correc-
tions are then made to the 6ET for non-uniform calorime-
ter response [20] for jets with uncorrected ET > 15 GeV
and η < 2.0, and for muons with PT > 20 GeV .

The `γ 6ETb + X search is defined by requiring that
an event contain a “tight” electron or muon with E`

T >
20 GeV [7],a photon with Eγ

T > 10 GeV , a b-tagged

jet with Ejet

T > 15 GeV , and 6ET > 20 GeV . Figures 1
and 2 show some characteristic kinematic distributions
for events in the `γ 6ETb sample.

A second search, for tt̄γ events, is constructed by fur-
ther requiring HT > 200 GeV [21] and number of jets in
event Njets > 2 in addition to the `γ 6ETb requirements.
Figures 3 and 4 show the corresponding kinematic distri-
butions for events in the tt̄γ sample.

The dominant SM source of `γ 6ETb events at the Teva-
tron is tt̄γ production and Wγ+Heavy Flavour (HF), in

CDF Run II Preliminary, 1.9fb−1

Lepton + Photon + 6ET + b Events
SM Source eγb6ET µγb6ET (e + µ)γb 6ET

tt̄γ semileptonic 2.06 ± 0.38 1.52 ± 0.28 3.58 ± 0.65
tt̄γ dileptonic 1.30 ± 0.23 1.02 ± 0.18 2.32 ± 0.41
W±cγ 0.75 ± 0.16 0.72 ± 0.15 1.47 ± 0.26
W±ccγ 0.08 ± 0.04 0.22 ± 0.06 0.30 ± 0.08
W±bbγ 0.62 ± 0.11 0.42 ± 0.08 1.04 ± 0.17
Z(ττ )γ 0.13 ± 0.09 0.11 ± 0.08 0.24 ± 0.12
WZ 0.08 ± 0.04 0.01 ± 0.01 0.09 ± 0.04
τ → γ fake 0.12 ± 0.01 0.10 ± 0.01 0.22 ± 0.01
Jet faking γ 4.56 ± 1.92 3.02 ± 1.19 7.58 ± 3.11
Mistags 4.11 ± 0.41 3.54 ± 0.37 7.65 ± 0.70
QCD 1.49 ± 0.77 0+1

−0 1.49+1.30
−0.77

ee6ETb, e→γ 1.50 ± 0.28 – 1.50 ± 0.28
µe6ETb, e→γ – 0.45 ± 0.10 0.45 ± 0.10

Predicted 16.8 ± 2.2(tot) 11.1+1.7
−1.4(tot) 27.9+3.6

−3.5(tot)

Observed 16 12 28

TABLE I: Summary for the `γ 6ETb signature-based search.
Backgrounds from WW, ZZ, and single top with an additional
radiated photon are found to be negligible.

which a W boson decays leptonically (`ν) and a pho-
ton is radiated from an initial-state quark, the W , or
a charged final-state lepton [22]. The production of
tt̄+photon with one of the W bosons decaying lepton-
ically and the other hadronically (‘semileptonic’ in Ta-
bles I and II) is estimated using madgraph [23], a
leading-order (LO) matrix-element event generator. The
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FIG. 1: The distributions for events in the `γ 6ETb sample
(points) in a) the ET of the photon; b) the ET of the lep-
ton; c) the missing transverse energy, 6ET; and d) the ET of
the highest ET b jet in an event. The histograms show the
expected SM contributions, including estimated backgrounds
from misidentified photons and leptons.
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production of tt̄+photon with both W bosons decaying
leptonically (e, µ and τ channels-‘dileptonic’in Tables I
and II ) is also estimated from the madgraph MC. The
SM background from a production of a W boson and a
photon, accompanied by QCD production of heavy flavor
quarks in the processes Wbb̄+photon, Wcc̄+photon, and
Wc+photon, is estimated from madgraph MC. Back-
grounds from WW, ZZ, single top + photon are esti-
mated to be negligible.

Initial state radiation is simulated by the pythia

shower Monte Carlo code [24] tuned so as to reproduce
the underlying event. The generated particles are then
passed through a full simulation of the detector, and
these events are then reconstructed with the same re-
construction code used for the data.
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FIG. 2: The distributions for events in the `γ 6ETb sample
(points) in a) the total number of jets; b) the total trans-
verse energy HT, the sum of the transverse energies of the
lepton, photon, jets and 6ET, for the `γ 6ETb events. The his-
tograms show the expected SM contributions, including esti-
mated backgrounds from misidentified photons and leptons.
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FIG. 3: The distributions for events in the tt̄γ sample (points)
in a) the ET of the photon; b) the ET of the lepton; c) the
missing transverse energy, 6ET; and d) the ET of the highest
ET b jet in an event. The histograms show the expected SM
contributions, including estimated backgrounds from misiden-
tified photons and leptons.
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FIG. 4: The distributions for events in the tt̄γ sample (points)
in a) the total number of jets; b) the total transverse energy
HT, the sum of the transverse energies of the lepton, photon,
jets and 6ET, for the `γ 6ETb events. The histograms show the
expected SM contributions, including estimated backgrounds
from misidentified photons and leptons.

The expected contributions from tt̄γ and Wγ + HF
production to the `γ 6ETb and tt̄γ searches are given in
Tables I and II. A correction for higher-order processes
(K-factor) for tt̄γ MC has been applied [25].

High PT photons are copiously created from hadron
decays in jets initiated by a scattered quark or gluon.
In particular mesons such as the π0 or η decay to pho-
tons which may satisfy the photon selection criteria. The
numbers of lepton-plus-misidentified-jet events expected
in the `γ 6ETb and tt̄γ samples are determined by mea-
suring the jet ET spectrum in `6ETb+jet and 6̀ETHT >
200 GeV + > 3 jets samples, respectively, and then mul-
tiplying by the probability of a jet being misidentified as
a photon, P jet

γ (ET), which is measured in data samples
triggered on jets. The uncertainty on the number of such
events is calculated by using the measured jet spectrum
and the upper and lower bounds on the ET-dependent
misidentification rate.

CDF Run II Preliminary, 1.9fb−1

tt̄γ
SM Source eγb6ET µγb6ET (e + µ)γb6ET

tt̄γ(semileptonic) 1.97 ± 0.36 1.47 ± 0.27 3.44 ± 0.62
tt̄γ(dileptonic) 0.52 ± 0.10 0.43 ± 0.08 0.95 ± 0.17
W±cγ 0.0+0.02

−0 0.0+0.02
−0 0+0.03

−0

W±ccγ 0.0+0.02
−0 0.01 ± 0.01 0.01+0.02

−0.01

W±bbγ 0.06 ± 0.03 0.01 ± 0.01 0.07 ± 0.03
WZ 0.02 ± 0.02 0.0+0.02

−0 0.02 ± 0.02
τ → γ fake 0.08 ± 0.01 0.02 ± 0.01 0.10 ± 0.01
Jet faking γ 2.37 ± 1.22 1.42 ± 0.70 3.79 ± 1.92
B-jet mistags 0.78 ± 0.20 0.83 ± 0.22 1.61 ± 0.31
QCD 0.53 ± 0.46 0+1

−0 0.53+1.10
−0.46

ee6ETb, e→γ 0.34 ± 0.11 – 0.34 ± 0.11
µe6ETb, e→γ – 0.20 ± 0.06 0.20 ± 0.06

Predicted 6.7 ± 1.4(tot) 4.4+1.3
−0.8(tot) 11.1+2.3

−2.1(tot)

Observed 8 8 16

TABLE II: Summary of the expected SM contributions to the
tt̄γ search. Backgrounds from WW, ZZ, single top with an
additional radiated photon are found to be negligible
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FIG. 5: The measured σtt̄γ compared with SM expectations
and other SM cross-sections σW±→`±ν , σZ0→`+`− and σtt̄.

The number of ”electron faking photon” events ex-
pected in the `γ 6ETb signature is determined by mea-
suring the photon ET spectrum in `e6ETb samples, and
then multiplying by the probability of an electron being
misidentified as a photon, Pe→γ , which is measured in
Z0 → e+e− events in which one of the electrons radiates
a high-ET photon.

To estimate the size of the mistag background, each
jet in the `γ 6ET+pretagged jet sample is weighted by its
mistag rate. The mistag rate per jet is measured using a
large inclusive-jet data sample.

We have estimated the background due to events with
jets misidentified as `γ 6ETb signature by studying the to-
tal PT of tracks in a cone in η −ϕ space of radius R=0.4
around the lepton track (track isolation). We compared
distribution of track isolation in our signal sample to that
of the Z0 → e+e− and Z0 → µ+µ− samples (for the elec-
tron and the muon channels, respectively) and to that of
the QCD background sample (generic jet sample, domi-
nated by light-flavor jets).

The background from tau leptons faking photons is
estimated from the tt̄ pythia [24] sample by selecting
τ → hadrons → γ events using MC information and
then applying the same analysis cuts as for data.

We find 28 `γ 6ETb events versus an expectation of
27.9+3.6

−3.5 events. We observe 16 tt̄γ candidate events ver-

sus an expectation of 11.1+2.3
−2.1 events. There is no signif-

icant excess in either signature.

The detection efficiency and acceptance for tt̄γ events
are calculated using the madgraph event generator to
generate tt̄γ events with one leptonic W decay. The un-
certainty on the cross-section is dominated by the statis-
tical uncertainties associated with the small number of
events observed.

The probability that the backgrounds alone (i.e. if

one assumes that there is no standard model production
of the tt̄γ final state) will produce 16 or more events,
is 1% (2.3 σ). Assuming that the difference between
the non-top background estimate and the number of
observed events is due to tt̄γ SM production, we esti-
mate the tt̄γ cross-section to be 0.15 ± 0.08pb. An esti-
mate of the expected SM cross-section σsemileptonic tt̄γ =
0.080 ± 0.011 pb is obtained from the LO madgraph

cross-section σsemileptonic tt̄γ = 0.073 pb multiplied by
kfactor = σNLO/σLO = 1.10 ± 0.15 [25]. An event dis-
play of a tt̄γ candidate event is shown in Figure 5.

The predicted and observed totals for both the `γ 6ETb
and tt̄γ searches are shown in Tables I and II. The
predicted and observed kinematic distributions are com-
pared in Figures 1 and 2 for the `γ 6ETb signature, and
Figures 3 and 4 for the tt̄γ search.

In conclusion, we have performed the search for inclu-
sive lepton + photon + 6ET + b-quark production. In ad-
dition to this signature-based search, we have performed
a search for tt̄γ, which is the dominant standard model
process that produces this signature with large total en-
ergy (HT). We find that the numbers of events agree
with SM predictions. Assuming standard model top pro-
duction, the measurement of the tt̄γ cross-section σtt̄γ =
0.15± 0.08pb.
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